Thereafter, SMITH and POLGE2) reported the first production of offspring with fowl semen frozen-thawed in the presence of glycerol.
Following these findings, many other cryoprotectants have been studied for their protective ability against freezing with avian spermatozoa3-9), but none has been found to be a better cryoprotective agent than glycerol. Therefore, it has been widely used for frozen-storage of avian spermatozoa.
To account for the mechanism of cryoprotective actions of various cryoprotective agents such as glycerol, dimethylsulfoxide (DMSO) and polyethylene glycol, several different theories have been advanced10-16). In general, they are known to penetrate into cells and it has been assumed that the cryoprotective ability is due to their water colligating or binding properties11), but the precise mechanism of the action is not yet well understood17). The relationship between motility and volume of spermatozoa frozen-thawed in the presence of glycerol, DMSO and N-methylf ormamide is separately illustrated in Figs. 2, 3 and 4. All correlation coefficients were negative and highly significant (P< 0.01), and there were no significant differences among them.
The changes in the motility of frozen-thawed spermatozoa showed an inverted "U" curve against glycerol level (Fig. 5 ). Although the highest motility was observed at the 7% glycerol level, no significant differences were noted between the motility at the 7% level and that at the 10 or 13% levels. As for sperm volume, dramatic reduction was observed after freeze-thawing in the absence of glycerol as compared with unfrozen fresh spermatozoa, and there was a progressive decrease in the sperm cell volume with increase in glycerol levels unto 7%, where the minimum volume was As compared with glycerol, DMSO brought about generally lower motility and it gave the highest motility at 10% level (Fig.6 ). This was significantly higher than that obtained at the levels of 0, 4, or 20%, but no significant differences were noted between motility at 7, 10, 13, and 16% levels. The sperm volumes after freeze-thawing were much smaller than that of unfrozen control.
The spermatozoa frozen-thawed in DMSO-free medium showed significantly larger cell volume than those frozen-thawed in the presence of DMSO. As the DMSO level went up to 13%, the postthaw cell volume was gradually reduced, but further elevation induced a slight increase in cell volume.
N-methylf ormamide also gave lower motility as compared with glycerol ( Fig.7 ).
With increase in N-methylf ormamide level, however, the motility showed similar fluctuations as observed in the experiments with glycerol and DMSO. Highest motility was obtained at 10% level, though it did not differ greatly from that at 7 or 13% levels. The smallest cell volume was attained at 10% level and it was significantly different from that at 0% level. There was a tendency that the postthaw sperm volume increases when concentration of N-methylformamide was elevated beyond 10% level, though the increase was not statistically significant. In our previous studies7), we reported that the polarographic measurement of the oxygen consumption rate of postthaw spermatozoa is a reliable method for evaluating freeze-induced damage to chicken spermatozoa, since a highly significant positive correlation existed between motility and oxygen consumption rate. We also demonstrated a highly significant correlation between sperm motility in media containing various concentrations of glycerol and glutamic oxaloacetic transaminase (GOT) activity in extracellular media after freeze-thawing. Therefose, we concluded that GOT activity in the supernatant of frozen-thawed semen is useful as an indicator for measuring injury of chicken spermatozoa32).
Discussion
In the present study, highly significant correlations were found between postthaw motility and the volume of spermatozoa frozen in the presence of glycerol, DMSO or N-methylf ormamide.
Therefore, the neasurement of volume changes in chicken spermatozoa after freezethawing may be a more useful method for estimating the freezing damage to the sperm cell than those described above. Another advantage is that the measurement for a large number of sperm cells can be accomplished in a short time by an analysis using a Coulter counter.
The postthaw cell volumes of spermatozoa decreased and their motility increased with increasing concentrations of cryoprotective agents up to a certain level. Based on the assumption that the cell shrinkage after freezing is due to loss of the intracellular water33), it is inferred that the dehydration in spermatozoa may be facilitated during freezing process up to certain levels of cryoprotective agents.
Moreover, MAZUR13) has claimed that death of cells due to faster freezing rate is caused by the formation of intracellular ice crystals. If so, it is presumed that up to certain levels of cryoprotective agents, spermatozoa can escape cryoinjury through suppression of intracellular ice formation by reducing water content.
However, in the present study the cryoprotective agents beyond certain levels caused an increase in the cell volume and a decrease in the sperm motility after freeze-thawing. This suggests that their higher levels may suppress the sufficient withdrawal of intracellular water from spermatozoa owing to their water binding property and that resultant ice crystal formation induces the cryoinjury. 
